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SinaiAbstract Among the other coastal lakes of the Mediterranean northern coast of Egypt, Bardawil
Lake is a unique lagoon, as it is fed only by seawater. The lagoon is composed of two main basins,
and several other internal small basins interconnected to one another. Although the general geo-
morphologic characteristics are treated in some regional studies, we used a semi-automated
approach based on a wide variety of digital image processing for mapping the major geomorpho-
logical landforms of the lake on a medium scale of 1:250,000. The approach is based primarily on
data fusion of Landsat ETM+ image, and validated by other ancillary spatial data (e.g. topo-
graphic maps, Google images and GPS in situ data). Interpretations of high resolution space images
by Google Earth and the large-scale topographic maps (1:25,000), in speciﬁc, revealed new micro-
forms and some detailed geomorphologic aspects with the aid of GPS measurements. Small sand
barriers, submerged sand dunes, tidal channels, fans and ﬂats, and micro-lagoons are the recurrent
forms in the lake. The approach used in this study could be widely applied to study the low-lying
coastal lands along the Nile Delta. However, it is concluded from geological data and geomorpho-
logic aspects that Bardawil Lake is of a tectonic origin; it was much deeper than it is currently, and
has been ﬁlled with sediments mostly since the Flandrian transgression (8–6 ka bp).
 2014 Production and hosting by Elsevier B.V. on behalf of National Authority for Remote Sensing and
Space Sciences.1. Introduction
Geomorphological mapping is an important tool for studying
land-surface processes (Vannametee et al., 2012), providing the
ability to identify, impress, and analyse and to associate land-
forms to the evolution processes (Pavlopoulos et al., 2009). It
offers also a full objective description of landforms that are
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preservation of natural resources, environmental planning
and sustainable development (Dramisa et al., 2011). Pavlopo-
ulos et al. (2009) summed up the analyses of geomorphic units
into two major complementary approaches, namely the Land-
form Elements Model (LEM) and the Landform Patterns
Model (LPM). LEM deals with units of landscape by compar-
ing them to a simply curved geometric surface without inﬂec-
tions and focuses on slope and slope measurements. In
LPM, the land surface is seen as a repetitive phenomenon in
which simpler elements recur at quasi-regular intervals in a
deﬁnable pattern and the elements that form the patterns are iden-
tiﬁed as units. LPM is rather used in this study as the study area is
considerably distinguished by low relief, and surface elements are
mostly regularly organized (e.g. sand dunes, inland lagoons).
In fact, recent advances in remote sensing, geographic
information systems, geospatial technologies, as well as devel-
opments in numerical modelling of surface processes, have rev-
olutionized the ﬁeld of geomorphology (Bishop et al., 2012).
These new technologies have allowed new insights and the per-
formance of rapid mapping, within the framework of the geo-
graphic information sciences. The addition of new sources of
digital spatial data has opened up vast regions of the Earth’s
surface for study that would have otherwise been uneconomic
or impossible to achieve (Smith et al., 2011). The ability to use
a layers paradigm to organize input data and produce layers of
thematic mapped output is of great signiﬁcance (Grifﬁths
et al., 2011). Furthermore, availability of spatio-temporal data,
geocomputational algorithms and approaches now permit geo-
scientists to go far beyond traditional mapping (Bishop et al.,
2012). The modern geomorphological maps, therefore, repre-
sent digital collections of geomorphological information layers
consisting of georeferenced vector, raster and tabular data
which are stored in a digital environment such as a GIS geo-
database, and are easily visualized (Seijmonsbergen, 2012).
Numerous conceptual/theoretical and information technol-
ogy issues are at the heart of the digital geomorphological
mapping (DGM) (Bishop et al., 2012). Most landforms are
delimitation by on-screen digitizing of boundaries manually
identiﬁed on maps; DEM/satellite images or rectiﬁed air pho-
tos and much can be done using Google Earth (Evans, 2012;
Seijmonsbergen, 2012). However, different semi-automated
methods and algorithms were widely applied to extract and
delineate automatically the geomorphological features during
the last few decades (e.g. Jenson and Domingue, 1988; Tarbo-
ton et al., 1991; Drury, 1993; Wood, 1996; Akhir and Abdul-
lah, 1997; Mackay and Band, 1998; Martinez-Casasnovas
and Stuiver, 1998; Sarangi et al., 2001; Lane et al., 2003; Jor-
dan, 2004; Gustavsson et al., 2006, 2008; Klingseisen et al.,
2008; Mina´r and Evans, 2008; Moawad, 2008; Moawad and
Grunert, 2008; Guth, 2009; Qin et al., 2009; Moawad and
Khidr, 2011; Seijmonsbergen et al., 2011; Bishop et al., 2012;
Evans, 2012; Seijmonsbergen, 2012; Wilson, 2012).
The semi-automated methods refer to the automatic proce-
dures of extracting landform based-process. This is mainly
relying on unsupervised isodata classiﬁcation, pixel-based clas-
siﬁcation (supervised/subpixel classiﬁer based on training
material), analysis of digital elevation models (DEM), algo-
rithms, hydrological modelling, delineating lineaments, and
object oriented analysis (e.g. numerical modelling and cellular
automata). Object-based classiﬁcation is used as an alternative
to traditional pixel-based classiﬁcations, to cluster grid cellsinto homogeneous objects, which can be classiﬁed as geomor-
phological features (Seijmonsbergen, 2012). The importance of
utilizing the semi-automated methods can be summarized as
follows: (i) to ensure a consistent mapping scheme with a re-
duced ﬁeld survey time (Vannametee et al., 2012), (ii) to quan-
tify land-surface analysis (geomorphometry) (Pike et al., 2009),
and (iii) to avoid bias arising from a digitizing process based
on visual image interpretation.
The major objective of this paper is to introduce a semi-
automated approach for mapping the dominant geomorpho-
logical forms in Bardawil Lake, Northern Sinai, Egypt and
its surrounding low-lying coastal areas based on integrated re-
mote sensing and GIS techniques. The study area was selected
as it is generally distinguished by a ﬂat-terrain (micro-land-
forms) intervened by a water body (Bardawil Lake). In such ter-
rains, methods of semi-automated mapping are still of a great
challenge owing to lack of detailed topographic maps, DEM
and satellite images of high resolution. Therefore, we integrated
different kinds of spatial data and ﬁeld work with the aid of
GPS instrument for mapping morphological landforms, esti-
mating bathymetry, and clarifying the major hydrodynamic
and sediment movements in the Lake. The semi-automated ap-
proach used in this study depends on applying wide variety
methods of digital image processing to derive the main land-
forms. The study would be helpful in regional planning and
conservation of Bardawil Lake as a distinctive ecosystem for
its ﬂora and fauna. The approach presented in this study could
be also applied to study the low-lying coastal lands along the
Nile Delta and the north western coast of Egypt.
Bardawil Lake was also known as ‘‘Sabkhat El-Bardawil’’,
due to the intermittent connection with theMediterranean. Pre-
viously, it was also known as ‘‘Lac Sirbonis’’ (Neev et al., 1987)
that seems to be an old Roman name (Hamdan, 1980). In 1953,
two artiﬁcial inlets (Boghaz I andBoghaz II) have been dug, con-
necting the Sabkha with the Mediterranean Sea in order to se-
cure its permanent connection to the Mediterranean, decrease
the salinity of the lagoon and allow the natural immigration of
ﬁsh into it (Klein, 1986; Khalil and Shaltout, 2006). Bardawil
Lake protrudes into the Mediterranean with a smooth convex
coastal barrier that extends for 85 km from east to west. On
the contrary, the southern shores are irregular due to the effect
of pre-lake topography, of which sand dunes of North Sinai
Sand Sea are the most effective (Fig. 1). Based on satellite image
interpretations and GIS techniques, the lake has a maximum
width of 20.5 km from north to south along the longitude
33100 E, covering an area of 629 km2 and the length of its in-
ner shores is 611 km. Using solid model surface analysis (true
3D models), the average volume of the lake was estimated as
193 · 106 m3. Generally the lake is very shallow, with a mean
depth of around1.5 m, and amaximum of7.5 m.Maximum
depth in Boghaz (II) is 5.75 m due to dredging. Areas with
depths less than one m occupy about 20 % of the lagoon area,
whereas areas with depths between 1 and 1.5 m constitute 65%
of the lagoon area, and those deeper than 1.5 m cover 15% only
of the Lagoon. The results of a survey of depths of the lake
showed that the shallowest parts lie in the extreme eastern and
western parts, and the southern shores of the lagoon basin
(The Maritime French Company for the Survey of Bardawil
Lake, 1982). This characteristic can be seen also on the estimated
bathymetry map in Fig. 7. Islands represent one of the promi-
nent features of the lagoon, with about 50 islands, covering an
area of 2.1% of the total area of the lagoon.
Figure 1 Enhanced ETM mosaic shows location of Bardawel Lake and the general structure. (Dashed lines approximately show major
lineaments after Neev et al., 1987; Abdel Aal et al., 2000).
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the adjacent eastern Mediterranean Sea; therefore, it is consid-
ered as a hyper-saline lagoon (Krumgalz et al., 1980). In this re-
spect, it is unique, since salinity in other Mediterranean lagoons
of the Nile Delta is lower or much lower than that of seawater.
This is because other lagoons are partially fed by the less-saline
water of the Nile through the channels which drain excess irri-
gation waters. According to two surveys of water salinity held
during the period 1967–1971 (Krumgalz et al., 1980) and during
the period 20 June–20 July 1982 (The Maritime French Com-
pany for the Survey of Bardawil Lake, 1982), salinity increases
southwards from less than 40–45% in the north to more than
75% in the south, with the highest salinity in the southern parts.
Increasing salinity southwards is due to the fact that seawater
that feeds the lake enters through the inlets of Boghazes (I),
(II) and Boghaz El-Zaranik cutting across the coastal barrier
in the north, and in the process water is exposed to high rates
of evaporation that vary from 2000 mm/year (Levy, 1977) to
3650 mm/year (Klein, 1986). Hence, it can be considered as
an inverted lagoon regarding salinity. Even the ﬂow of the ma-
jor water mass is inverted from normal conditions as the water
column is stratiﬁed into two major layers. Near the bottom, a
high-density layer ﬂows towards the sea, while at the surface
a layer of relatively lower-salinity ﬂows towards the south.
However, it is difﬁcult to determine the annual trend in water
salinity of the lagoon due to the clear variations in the inlets sta-
tus (Abd Ellah and Hussein, 2009).
Though small as a coastal lagoon, satellite image interpre-
tation revealed that Bardawil is characterized by several geo-
morphologic aspects and exhibits several forms of different
origins that reﬂect the environmental conditions surrounding
its development.
2. Data and methods
2.1. Data
This study is based on multi-satellite and ancillary data. Two
Landsat ETM+ images (175/038 and 176/038), acquired on
30 January and 28 March 2001 respectively, are selected as
the backbone of this study of many reasons: (i) the imagesare of ﬁne resolution (30 m) with relative high resolution pan-
chromatic bands (15 m) accurately registered to the other im-
age bands to enhance spatial resolution, (ii) they possess no
cloud cover and are not affected by the line scan corrector
(LSC) breakdown as they are acquired before 2003, (iii) the
data take advantage of the long-term accumulated experiences
in the ﬁeld of digital image processing, which can simply be ap-
plied to the Landsat products, and (iv) the data are obtained at
no-cost.
However, researching Google Earth shows that the study
area is covered by three spot images (Lat/long centers: 31.44/
32.99; 30.94/32.84; 30.94/33.40). The ﬁrst two images were ac-
quired on 09 July 2011 and the third one was acquired on 08
July 2011. These images were widely used to reveal the mi-
cro-geomorphological features under very high ground resolu-
tion of 2.5 m.
SRTM DTED 2 images (N31E033, N32E033) were used
to create the digital elevation model of the area surrounding
the lake. The images are deﬁned as a uniform grid of elevation
values, spaced at three-arc second (90 m) intervals. 3D Nature
SRTMFill free software was used for patching null-data holes
in SRTM DEMs by progressive in-ﬁlling from surrounding
data.
Digital global bathymetry was used to deﬁne the validity of
the estimated bathymetry data retrieved from the Landsat
images. The global bathymetry data set was obtained from
the interactive database management system GEODAS (GEO-
physical DAta System) developed by the National Geophysical
Data Center (NGDC) (http://www.ngdc.noaa.gov/mgg/image/
2minrelief.html). Data are available in ASCII raster grid for-
mat including arc header using spatial resolution 2 min along
latitudes and longitudes.
Thirteen topographic map sheets of scale 1:25,000 (Military
Survey of Egypt, 1985) and in situ GPS data were used to con-
trol the quality of the results extracted from the digital image
processing. Validity of the results was determined using the
advantages of data overlay in ARCGIS 10.x (topographic
and GPS data) and visual interpretation of the images ob-
tained from Google Earth. Using in situ GPS data were specif-
ically helpful to determine the ability of extracting some micro
features such as inland lagoons, sabkhas and barriers (Fig. 2).
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the UTM system, zone 36-N using spheroid/datum WGS-84
to make them compatible with the Landsat data.
2.2. Methodology
Digital image processing along with visual image interpreta-
tion of topographic maps and Google Images constitute the
backbone of data analysis of this study (Fig. 3). The following
paragraphs outline the general procedures of image calibration
and correction(s) followed for producing the ﬁnal geomorpho-Sand bar in El-Zaranik and natural vegetation 
Micro inland lagoon and active sand dunes 
Al-Qals dune and the Bardawil Barrier 
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Figure 2 Some of the dominantlogical map; however, a detailed discussion of the methods
used is out of the scope of this paper. For the purposes of this
study, the authors simply used the Geoscience General Tool
Package (GGTP) for ARCGIS 10.x (Moawad, 2012) to carry
out the following tasks:
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was ﬁrstly converted to at-sensor spectral radiance (the physi-
cal amount of light received at a particular place Lk) according
to (Chander and Markham, 2003) as:
Lk ¼ ðLmaxk  Lmink=Qcal maxÞ Qcal þ Lmink ð1Þ
where Lk is the spectral radiance at the sensor’s aperture in
W/m2 sr lm; Lmaxk is the spectral radiance that is scaled to
Qcal max in W/m
2 sr lm; Lmink is the spectral radiance that is
scaled to Qcal min in W/m
2 sr lm; Qcal max is the maximum
quantized calibrated pixel value (DN= 255) nominally corre-
sponding to Lmaxk (DN); and Qcal is the quantized calibrated
pixel value in DNs. Lmaxk and Lmink were obtained from the
supplemented header ﬁle of the images.
2.2.2. Conversion to TOA reﬂectance
Top of atmospheric reﬂectance (TOA) is used to reduce scene-
to-scene variability. The process converts the at-sensor spectral
radiance to exoatmospheric TOA reﬂectance (Markham and
Barker, 1986; Chander and Markham, 2003; Chander et al.,
2009). This is important when comparing scene to scene or
making image mosaic. The correction was carried out as
follows:
qk ¼ ðp Lk  d2Þ=ðESUNk  cos hsÞ ð2Þ
where qk is the planetary TOA reﬂectance [unitless]; p is a con-
stant equal to 3.14159 [unitless]; Lk is the spectral radiance at
the sensor’s aperture [W/m2 sr lm] as obtained from Eq. (1); d
is the Earth–Sun distance [astronomical units] based on the
day of the year (DOY); ESUNk is the mean exoatmosphericsolar irradiance [W/m2 lm]; and coshs is the sun zenith angle
in degree. The cosine of the solar zenith angle is equal to the
sine of solar elevation angle. The solar elevation angle at the
Landsat scene centre is typically stored in the Level 1 product
header ﬁle or retrieved from the USGS Earth Explorer or Glo-
Vis online interfaces under the respective scene metadata.
2.2.3. Data fusion
The approach of image fusion was used to merge the low spa-
tial multispectral ETM+ bands with the relatively high reso-
lution panchromatic band. The fusion algorithm resamples the
low spatial multispectral image (30 m ground resolution) to
another high multispectral resolution image of 15 m. This
algorithm enables the reproduction of the geomorphological
map up to scale 1:100,000. Nevertheless, some parameters,
such as length, width and other construction materials require
additional data sources. It is worth mentioning that thermal
bands were excluded from this procedure, as the spatial resolu-
tion is signiﬁcantly low.
2.2.4. At-surface reﬂectivity and NDVI
Before the calculation of NDVI, the atmospherically corrected
(TOA) images (red and infrared bands in speciﬁc) were con-
verted to the at-surface reﬂectivity. In this case, the estimated
NDVI values would represent the natural surface, and are
called NDVIsurf (Sobrino et al., 2004). The at-surface reﬂectiv-
ity is calculated in this algorithm based on Garcia (1998)
equations:
qETM3sup ¼ 1:0705 qETM3TOA  0:0121 ð3aÞ
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where qETM3sup and q
ETM4
sup are the at-surface reﬂectivity and
qETM3TOA ; q
ETM4
TOA are the TOA reﬂectivity for the red and infrared
bands respectively, which were retrieved from Eq. (2).
NDVIsurf was then calculated as follows:
NDVIsurf ¼ ðqETM4sup  qETM3sup Þ=ðqETM4sup þ qETM3sup Þ ð4Þ
Theoretically, the NDVIsurf values are represented as a ra-
tio ranging in value from -1 to 1 but in practice extreme nega-
tive values represent water (e.g. inner-lagoons), values around
zero represent bare soil and values over 0.5 represent dense
green vegetation. The latter has been shown on the geomor-
phological map as vegetation cover (natural/reclaimed).
2.2.5. Land/water discrimination
Automatic discrimination of land/water bodies was based on a
selected threshold value that is appropriate to the average
reﬂectance of the land cover types adjacent to the lagoon.
The threshold value allows to set a mixture pixel of water
and other land cover types to be classiﬁed into water, if more
than 50% of the pixel is water (i.e. Pw equals to 0.5 if the land
cover is uniform), or non-water (if the water is less than 50%
of the pixel) (Finch, 1997). This relation is expressed as:
T ¼ PwðRw þ R1cÞ ð5Þ
where T is the threshold, Pw is the fraction of the pixel of
which water is the land cover type, Rw is the averaged reﬂec-
tance from the water in the infrared wave length, and R1c is
averaged reﬂectance from the adjacent land cover in the infra-
red wave length. From that, a pixel can be deﬁned as water if:
PwRw þ ð1 PwÞR1c < T ð6aÞ
It can be also classiﬁed as non-water if:
PwRw þ ð1 PwÞR1c > T ð6bÞ2.2.6. Mapping bathymetry
Bierwirth et al. (1993) developed a method, which unmix the
shallow sea-ﬂoor reﬂectance and water depth based on remote
sensing analysis. The method assumes that the water condi-
tions are relatively clear and with only minor variations in
the concentrations of water column materials. This is based
on the following algorithm:
Z ¼
XN
i¼1
lnRi= 2KiN ð7Þ
where Z is the estimated depth in metre, N is the number of
bands used in the analysis, ki is the coefﬁcient of water atten-
uation for each respective Landsat band and Ri is the corrected
reﬂectance value for each band. In this study we used Landsat
bands 1, 2, and 3, and Ki was calculated after Vanderstraete
et al. (2002) as:
Ki ¼ ðXimax  XiminÞ=2ðzi  zi þ 1Þ ð8Þ
Ximax ¼ log eðLimax  LimeanÞ ð9aÞ
Ximin ¼ log eðLimin  LimeanÞ ð9bÞ
where zi is maximum depth of penetration (DOP) in band n
and zi + 1 is the maximum DOP of band n+ 1, Li max isthe deepest pixel, Li min is the shallowest pixel, and Li mean is
the average pixel value over deep water.
2.2.7. Edge enhancement and digitizing
Non-Directional (Laplacian) ﬁlter was applied to Landsat
infrared band to enhance edges regardless of edge direction(s).
The kernel was composed of a high centre value (5) sur-
rounded by negative weights in north, south and east direc-
tions as 1. It is surrounded as well by positive values from
the west (1) and the corners are of zero values (Akhir and
Abdullah, 1997; Moawad and Grunert, 2008). Trends of the
major sand dunes were then digitized using the add-on Easy-
trace tool in Erdas Imagine 2011. Easytrace tool ensures a
more rapid capture of linear features. However, roads and
built-up areas were directly digitized from the satellite Landsat
images.
3. Local geology
Local geology was studied among other geological aspects of
the Mediterranean coasts of Sinai and Israel (Levy, 1974; Neev
and Friedman, 1978; Zaglool et al., 1984; Neev et al., 1987).
Only relevant aspects of local geology of Bardawil will be dis-
cussed in this section as follows.
3.1. Tectonic framework
The Bardawil Lake forms an elongated synclinal trough which
it is stretched to the northeast and is parallel to the structural
ridge of Mount Casius (Neev and Friedman, 1978). The main
structural pattern of Bardawil Lake is a result of the major
NW–SE Misfaq–Bardawil (Temsah) oblique-slip fault trend,
which seems to be a reactivated inherited old basement fault
(Abdel Aal et al., 2000). From the north, the lake is bordered
by the Pelusium line that represents the western edge of the
Syrian Arc fold belt (Netzeband, 2006). Evolution of this re-
gional compressional tectonic feature started in the Late Cre-
taceous and persisted until the Early-Middle Miocene
(Gardosh and Druckmann, 2006). Effects of these structural
patterns exhibit the lake coasts as straight in three main local-
ities, regardless of some micro irregularities due to the effect of
local forms. The ﬁrst one is the western water arm of the la-
goon, while the southern and eastern coasts of the eastern ba-
sin of the lake represent the other two straight sections. Neev
and Friedman (1978) assumed that the western half of the
lake’s barrier forms a low-ridge composed of stabilized dunes,
which extends southwest to Qantara on the Suez Canal and be-
yond owing to its tectonic origin. Fig. 1 also reveals that the
Pelusium line is parallel to the western part of the coastal bar-
rier, and the southern coastline of the eastern basin of the lake
counterparts the Misfaq–Bardawil fault trend. Fig. 4 shows a
geologic cross section along the eastern part of the lagoon
(Neev et al., 1987). This ﬁgure reveals that since the Flandrian
transgression (some 8–6 ka bp, Goudie, 2004), the Bardawil
basin(s) was/were ﬁlled with several types of sediments, whose
thickness exceeds 50 m. This indicates that the original depth
of the basin exceeds 50 m, and it is of a morphotectonic origin.
It is inferred that tectonics of Bardawil basin(s) continued
over considerable span of time (Neev and Friedman, 1978;
Neev et al., 1987; Abdel Aal et al., 2000; Netzeband, 2006;
Gardosh and Druckmann, 2006). In that context, Neev et al.
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curred at Mount Casius (Fig. 4), which is indicated by the high
elevations (56 m) of Flandrian-age (about 6 ka bp) (Neev and
Friedman, 1978). It is assumed that this structural ridge was
elevated once again to above the post-Flandrian sea level some
time prior to the Persian times (2.7–3 ka bp). This is indicated
by rapid accumulation of high-energy beach sand that contains
abundant shell lenses. Indication of tectonic activity was also
reported during the ﬁrst century A.D. by Strabo. Another
tectonic phase occurred during Mamluk times (0.5 ka bp)
(Neev and Friedman, 1978), which resulted in the submergence
of some segments of the coastal northern route between Egypt
and Syria through Tenis (in Manzalah Lake) and the southern
shores of Bardawil Lake.3.2. Local Sediments
According to Levy (1974), the predominant type of sediments
on the ﬂoor of Bardawil Lake (to a depth of 1.0 m) is sand,
followed in abundance by clayey sand, silt, clay and sand–silt–
clay. Gypsum precipitated as separate layers between other
sediments. The ﬁne sediments concentrate in the central part
of the lagoon, while coarser materials are found along its mar-
gins. This distribution of sediments in the lagoon basin is ex-
plained by the fact that Bardawil receives water and
sediments from the Mediterranean through the coastal inlets,
with no streams ﬂowing into the lagoon at present. Therefore,
the distribution reﬂects the hydrographic conditions in the la-
goon basin as will be discussed later. In areas of relatively high
water energy (near the inlets), coarse sediments are laid down,
whereas the decreasing energies of water ﬂowing to the central
parts lead to the precipitation of ﬁne fractions (silt and clay).
In addition, wind-blown sand contributes considerably to the
sediments in the lagoon, especially along the southern and wes-
tern areas. Gypsum exists in the sediments at different levelsFigure 4 A west-northwest geologic cross section across the eastern
Neev et al., 1987).between 0 and 85 cm. Levy (1974) indicated that the gypsum
found in the sediments was not precipitated from the current
lagoon water, but from past lagoon water as the degree of con-
centration of chlorosity necessary for the precipitation of gyp-
sum from present lagoon of water is less than that required
(>65,000 mg/1). He concluded also that the lagoon sediments
examined (85 cm) were laid down on an old quartz sand area
separated from the Mediterranean by a sand barrier.
However, the connection between the Mediterranean and
the lagoon has changed as shown by the composition of the
quartz sand. Presence of marine diatoms and pelecypods in
the quartz sand indicates that relatively high energy conditions
prevailed in the earliest periods (Neev et al., 1987). When the
connection with the Mediterranean was more restricted at later
periods and low energy conditions prevailed, clayey sediments
containing gypsum and lagoonal diatoms were deposited
(Levy, 1974).
Although Neev et al. (1987) presented a 50 km long geolog-
ical section (Fig. 4) across the eastern fringes of Bardawil la-
goon between El-Meidan and Mount Casius, this section
shows only the main depositional units in this part of Bardawil
basin. The top layer of lagoon sediments is composed of La-
goon Sabkha Deposits (LS), laid down on Beach Sands and
Shells (BS). The bottom of the lake is covered by a layer of
Flandrian Beach Rock (FBR). The thickness of this sequence
exceeds 50 m, and shows that the original depth of the basin
of the lake was at least 50 m below the sea level at present.
Generally, surface sediments of the lake vary from brown-
ish silty to ﬁne sand through ﬁne-grained brownish and greyish
black mud, and contain variable amounts of organic carbon
and nitrogen (Taher, 2001). Sand occupies vast areas of the la-
goon (Fig. 5). Sandy clay predominates along the eastern part
of the lagoon, while clayey sand covers the western part.
Quartz-rich sand constitutes 70–85% of the total grain
population and ranges from ﬁne to coarse-gained. The sand
grains are slightly sub-angular to sub-rounded generally andfringes of Bardawil Lake from El-Midan to Mount Casuis. (After:
48 N.S. Embabi, M.B. Moawadconsistent with wind transport. The relatively high proportion
of sand is believed to be blown by the wind into the lagoon
from the neighbouring sand dunes Taher, 2001); and/or
derived from the submerged sand dunes as the internal water
circulation re-distributed the lagoon’s sands over vast areas.
4. Coastal processes and hydrodynamics
Frihy et al. (2002) divided the wave climate at the lake into
three seasons based on wind intensity and direction. During
summer, wave heights rarely exceed 1.5 m and the dominant
wind direction is WNW. Waves are much higher during winter
coming primarily from N, NNW, and NW. The dominant
northwestern winds are responsible for generating longshore
currents in an easterly direction. During spring, the wind direc-
tion is reversed coming from N, NNE, and NE, creating a
longshore current towards the west. Throughout the year,
the average height and period of the wave are 0.5 m and 6.3
s, respectively.
The predominant tide along North Sinai Coast is semi-diur-
nal that gives rise to two high and low tides per day each 12 h
long. The study area spans from microtidal regions as the
mean spring tide range is less than 2 m. Inman and Jenkins
(1984) revealed that tide together with wind and evaporation
control water exchanges through the inlets of the lagoon in
south eastern Mediterranean. They estimated the tidal range
at 30 cm. Frihy et al. (2002) revealed that the mean high-
and-low-water levels at El Arish, east of Bardawil Lake, were
20.22 and 11.01 cm respectively, with a tidal range of
31.23 cm. Linnersund and Ma˚rtensson (2008) revealed that
tide amplitude is signiﬁcantly lower in the Lake. The maximum
observed value was about 16 cm at the east inlet (Boghaz II),
but it is few centimetres lower at the west inlet (Boghaz I).
Although tidal amplitude is small and its effect gradually
diminishes in the lagoon with the distance from the inlets, tiny
ﬂuctuations in the water level of the lake lead to ﬂood/ebb the
adjoining low-lying areas (0–1 m height). Moreover, the water
invades the interdune depressions through narrow inlets or by
capillarity to constitute ephemeral lagoons and/or saltpans if
the evaporation rate is high.
The Mediterranean west-east littoral current is responsible
for transferring the eroded material from the Nile Delta to
the eastward direction. Inman and Jenkins (1984) assumed
that this eddy current is a result of the interaction between
the east Mediterranean gyre and water of the DamiettaFigure 5 Enhanced ETM mosaic repromontory. The general sediment transport pattern on the
north Sinai coast is divided into two littoral sub-cells, namely
Port Said and the Bardawil sub-cells. Each sub-cell consists of
a sediment source, an area where sand is eroded, and a stretch
of coast where sand is accreted (Frihy and Lotfy, 1997). This
resulted in silting and closing the main inlets of the lake that
inﬂuence its hydrologic system, since it is not fed by any other
water supply. Klein (1986) revealed that the azimuth of the
east side of EL-Bardawil barrier is N105E and therefore the
longshore current is much more frequent than that along the
west side of the barrier, which has an azimuth of N60E.
However, he afﬁrmed that the total amount of entrapment
for 10 years (1970–1979) shows an average of 300 · 103
[m3 year1] and that rates of sedimentations at Boghaz (II)
were higher leading to its complete closure in 1970, after three
years of no maintenance work; whereas Boghaz (I) remained
open. Emanuelsson and Mirchi (2007) calculated the volume
of net transport rate at 40 · 103 and 258 · 103 [m3 year1]
along the western and eastern sides of the lake barrier respec-
tively. The central bulge of the Bardawil barrier in-between the
inlets is subjected to erosion, which continues east of the
eastern inlet. The Bardawil sub-cell ends with accretion of
sediment at El Arish embayment (Frihy and Lotfy, 1997).
Boghaz I and II in particular are features through which the
lake is opened to material and energy exchange. The balance of
the lake’s ecosystem depends on the regional and local inﬂu-
ences on these inlets. Patterns of outﬂow and inﬂow through
the inlets (Boghaz I and II) were observed by Linnersund
and Ma˚rtensson (2008). They concluded that water ﬂow
through the east inlet inﬂuences a larger body of water inside
the lagoon, independent of the ﬂow direction. The estimated
speed of the inﬂow and outﬂow currents through the inlets is
up to 0.70 m s1. The current speed is constantly higher at
Boghaz (II) that resulted in larger changes as the waves run al-
most straight into it, whereas they are perpendicular to Boghaz
(I).
However, the main two basins of the lake are characterized
by particular hydrodynamics (internal circulation). Linners-
und and Ma˚rtensson (2008) modelled the internal circulation
patterns and magnitude of ﬂow in the lake for one day. They
revealed that the direction of the currents alternates at several
times mainly due to the tidal force. Areas in close proximity to
the inlets experience direct effects of either ebb or ﬂow, where
areas located further away are less affected by the changes at
the inlets and more affected by wind. They estimated internalveals the ﬂoor of Bardawil Lake.
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tial enhancement to the ETM+ images integrated with the ex-
tracted bathymetric map, ﬂoor of the lake is getting clearer and
the major tracks of sediment transport were traced. These
tracks point to the major directions of the internal water cur-
rents in the lake (Figs. 5 and 6). Accordingly, parameters con-
trolling the hydrodynamics in the lake can be ordered
signiﬁcantly as follows: ﬂoor topography, changing wind direc-
tion, wave induced currents, differences in water density, and
azimuths of the lakeshores.
In the Western Basin, a major current trends SW-NE gen-
erally, which transports a large amount of sand sediments.
These sediments exhibit a long neck of 22 km and an average
of 1.2 km width that ends with a fan-shaped toe. This path is
fed by other secondary currents of which the inﬂow current
of Boghaz (I) is the most conspicuous. Direction of these circu-
lations differs from the direction of the predominant wind,
which is NW–SE. Therefore, it mostly occurs under the inﬂu-
ence of gravity since the Western Basin is generally shallower
than the eastern basin (Fig. 7). In the eastern basin, the water
seems to be trapped in a semi-closed basin forcing the water to
rotate although the sand deposits can be traced in some
localities.
Along the internal shores of the lake, there are many sec-
ondary currents moving very slowly along the lakeshores,
called by the authors shore currents. These currents are the re-
sult of the angular approach of the waves to the lakeshores,
which creates shore-parallel currents. Although they are weak,
they contribute to redistributing sands and silt along the lake-
shores to form various small-scale forms such as sand barriers,
and hooks (Fig. 2c and g). During the ebb time (low tide), tidal
channels are exposed all-over the internal lakeshores and cor-
ridors of sands and silt sediments can be clearly observed
in situ at shallow water, pointing to directions of the internal
currents. Each inland lagoon is a self-contained hydrodynamic
regime although the water movement is very slow.
5. Geomorphology of the lake
5.1. Basins of the lake
Morphologically, the lake is divided into two main basins and
several other small inner basins as follows.Figure 6 General patterns of internal circulation and loca5.1.1. The main basins
There are two main basins: one in the east, hereafter will be
called the Eastern Basin, and the other one is in the west,
hereafter is known as the Western Basin. The Eastern Basin
is larger than the western one, occupying nearly two thirds
of the total area of the lake. It takes a triangular shape due
to the acute changes in the trends of the southern coastline,
whereas the Western Basin takes the form of a water arm par-
allel to the western coastal barrier (Fig. 8). This water arm ex-
tends for 40 km SW, with a width varying between 2.5 and
6.5 km. The Bardawil barrier forms the northern shores of this
Western Basin, whereas sand dunes of the North Sinai Sand
Sea form its southern shores. Along its southern shores, several
small local barriers (spits) formed leading to the development
of small local lagoons (Fig. 8). The Eastern Basin is bounded
from the north by the eastern part of the Bardawil
barrier, which extends from El-Qals Peninsula in the west to
El-Zaranik in the east, and by sand dunes from the south
and west. The length of the triangle base from El-Qals in the
north to Misfaq in the south is 20 km; while the length of
the other two sides is more or less equal (±45 km). In each
of these two basins, there are several local forms, which will
be treated as separate forms.
5.1.2. Inner basins/lagoons
Interpretation of satellite images and topographic maps of
scales 1:50,000 (Military Survey of Egypt, 1986) and 1:25,000
(Military Survey of Egypt, 1985), revealed the presence of
some inner basins occupied by local lagoons along the south-
ern peripheries of Bardawil. Most of them are grouped into
ﬁve interconnected compound basins.
The ﬁrst and second groups are present on the southern
shores of the Western Arm of Bardawil. The most conspicuous
inner lagoons/basins are the two interconnected lagoons
(El-Rewaq and El-Marqab) that are connected to the Western
Basin of Bardawil Lake through a straight waterway (locally
known as El-Misqah) (Fig. 8). Both basins are inter-connected
by a narrow, small opening. They extend between 3.60 and
4.75 km in a N–S direction and between 3.0 and 4.5 in an
E–W direction. The straightness of the northern and southern
coasts of these inner basins bears the effect of tectonics on the
development of these two basins. The second group of local
lagoons is present just to the west of the ﬁrst one, but is muchlities of sand accumulation. (Derived based on Fig. 5).
Figure 7 Bathymetry lines of Bardawil Lake (upper) derived from the ETM+ images and the digital global bathymetry data, A–A0 is a
topographical proﬁle of the Eastern Basin, and B–B0 is a topographical proﬁle of the Western water arm.
50 N.S. Embabi, M.B. Moawadsmaller. It is also composed of two micro-lagoons (1.0–1.5 km)
that are interconnected with a narrow waterway. They are
closed partially by Gazirat Mehaisan, and are connected to
the Western arm of the main lake with a relatively wide open-
ing (Fig. 8).
The third, fourth and ﬁfth groups of inner lagoons/basins
are present on the southern and eastern shores of the Eastern
Basin of Bardawil (Fig. 9). The third group lies just to the west
of El-Telool Jetty. It is composed of a complex of intercon-
nected micro-lagoons that are separated by interconnected mi-
cro-barriers from the Eastern Basin of Bardawil Lake (Figs. 2g
and 9). This complex is formed of a main lagoon that takes a
NW–SE orientation (4.0 km long), and other three micro-la-
goons connected to the main one. The central lagoon is inter-
nally divided by an E–W island called El-Arta. The pattern of
the contour lines of this island suggests that it was probably
an old submerged dune (Embabi, 1995). The other two mi-
cro-lagoons in this group lie at the NW and SE corners of the
main lagoon. The fourth group lies in the SE corner of the East-
ern Basin of Bardawil to the west of the third group of inner la-
goons and El-Telool Jetty. This group is composed of twoseparate basins closed by some micro-sand barriers. The east-
ern one has a rectangular shape with an E–W orientation
(2.5 km long and 1.0 km wide), exhibiting the effect of tectonics
similar to those of the ﬁrst group of inner basins. The second
lagoon runs parallel to the coastline, and is closed by
interconnected small barriers. Due to the shallowness of the
predominant area of this basin, it is transformed into sabkhas
such as El-Madha sabkhas. The ﬁfth group of basins lies on
the western coast of the main basin of Bardawil. It is composed
of a relatively large basin (7.5 km long and 3.0 km wide), and
four minute basins. The large basin is closed by a barrier and
sand dunes on the eastern side and a hook on the southern side.
This basin is also characterized by some islands (Fig. 9). The
other minute basins are in fact inter-dune low-lying lands,
and were ﬁlled with water and then connected to the main
basin.
5.2. The coastal barriers
Satellite images illustrated two distinct types of barriers in
terms of size and location. The ﬁrst is the large barrier, which
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called ‘‘The Bardawil barrier’’, whereas the second type is
made of the small barriers that developed in the lake basins,
and they will be called ‘‘The Lake Barriers’’.5.2.1. The Bardawil barrier
This barrier separates the lagoon from Mediterranean Sea,
with a total length of about 90 km from El-Zaranik in the east
to the tip of the lagoon water arm in the west, ranging in width
52 N.S. Embabi, M.B. Moawadbetween 300 and 1000 m, and a few metres high. However,
there are some points which rise several tens of metres above
the sea level, of which the famous coastal dune called El-Qals
(Casius Mont) (Fig. 2e) is the highest, 56 m according to the
topographic maps of scale 1:5000 (The General Authority
for Rehabilitation Projects and Agricultural Development,
1985). This high dune lies nearly in the centre of this barrier.
Space images and topographic maps show that the western sec-
tion of the barrier is straighter than the eastern one. This char-
acteristic is interpreted in previous studies to have resulted
from tectonic Pelusium lineament (see Section 3.1). Further-
more, the images illustrate that the farthest eastern section of
the Barrier (just before Boghaz El-Zaranik) is composed of sev-
eral small barriers (Fig. 10). Most probably, this is due to shal-
lowness of water in this section of the Barrier.
The Bardawil barrier is dissected by two types of inlets. The
ﬁrst type comprises two artiﬁcial inlets (Boghaz I and Boghaz
II) to keep ﬂow of water from and to the Mediterranean. Bog-
haz (I) opens at the Western Basin, while the second Boghaz
opens at the Eastern Basin. As mentioned earlier (Section 1),
these two artiﬁcial openings are relatively recent, since they
were dug in 1953. The second type of openings is natural,
and comprises narrower openings. According to previous stud-
ies, there is only one opening at Zaranik in the extreme eastern
part of the barrier (Assal, 1999), but investigation of the recent
space images, (Google Earth, 2011), revealed that there are
two other natural openings in this eastern part of the barrier
(Fig. 10). Some old maps show that there were four natural
openings (Survey of Egypt, 1935, Scale 1:100,000), namely
(Boghaz El-Zaranik, Boghaz Geran, Boghaz El-Huseini,
Boghaz Asy) and are lying in the extreme eastern part of the
barrier (El-Zaranik area). Variations in the number of natural
openings from time to time arise mostly from coastal processes
along this part of the barrier and from lake conditions.
Therefore, an opening can be readily developed or silted up
in this extreme eastern part of the lake owing to surging wavesTIDAL FLATS 
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Figure 10 Coastal forms of El-Zaranik area of Bduring the gales. Hence, such natural openings could be con-
sidered ephemeral inlets, which will soon become extinct.
In fact, it can be said that the Bardawil barrier is a complex
barrier, since it is composed of several forms that developed on
its surface and along its southern shores. Several local micro-
forms characterize this outer large barrier (Figs. 11–13). These
forms are active coastal sand dunes, sabkhas, coastal micro-la-
goon/barriers, micro-tidal deltas, micro-fans and submerged
lee dunes that will be discussed as follows.
5.2.1.1. Active coastal dunes. Active dunes are concentrated on
the seaward section in general and in particular on the central
part of the barrier around the micro-peninsula of El-Qals
(Fig. 11). As mentioned earlier, El-Qals dune (Fig. 2e) is the
highest point on the Bardawil barrier (56 m), while other sur-
rounding dunes are much lower than this (10–15 m). The
extraordinary height of El-Qals dune is due to the fact that this
dune developed on a ridge of beach rocks formed during the
Holocene transgression (some 10 ka bp), as indicated in
Fig. 4 (Neev et al., 1987). It is believed that the sea is the main
sand source for such foredunes, which extend in parallel to the
shoreline. The predominant near shore waves are responsible
for bringing adequate amounts of sands from the near shore,
deposited as sandy beach. Then, the prevailing wind re-forms
such sands once they become dry. The dunes have a slight
slope towards the sea and a sharp slope southwards. During
the high wave, the sea is able to ﬂood and erode along the sand
ridge at some localities. As such, the sand ridge overlooks the
sea by notable sharp sand cliff(s). Survival of such cliffs de-
pends on moisture conditions of the sand ridge itself facing
the sea. Normally, the base of the ridge is fully wetted during
high sea waves and the higher parts of the ridge are less wetted
by water spray owing to wave breaking upon the shore.
5.2.1.2. Sabkhas. Sabkhas (saltpans) can be classiﬁed in this
area as coastal and inland sabkhas. The coastal sabkhas areMEDITERRANEAN SEA 
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Figure 12 Some micro-forms of Bardawil barrier. (Source: Google Earth, 2012).
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waves. The inland sabkhas are common along the inner shores
of the lake as a narrow disconnected strip and in the adjoining
interdune areas (Fig. 2b). The inland sabkhas are mostly dry in
the summer owing to high rates of evaporation. They areﬂooded seasonally by water inﬁltration through the southern
dunes and/or by groundwater ﬂowing by capillarity since they
are nearly ﬂat and low surfaced (1 m). In this case, most are
fully or partially turned into inland sub-lagoons. However,
sediments of the sabkhas are mainly silty clay of dark colour
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Figure 13 Wash-over fans and compound hooks along the southern shores of the Bardawil barrier. (Source: Google Earth, 2012).
54 N.S. Embabi, M.B. Moawadowing to organic materials that originate from hydrophilic
vegetation, covered by laminas of whitish salts and sometimes
occupied by fresh halophytic vegetation.
5.2.1.3. Fans. This form is considered wash-over fans, devel-
oped by ﬂows of seawater that pile against the barrier during
heavy storms (Neev et al., 1987). Such fans are abundant in
two localities. The ﬁrst lies just to the east of Boghaz (I), where
seawater that overﬂowed the ﬁrst sand bar cut some channels
and deposited their load in fan-like shapes in the low-lying area
(Fig. 12). The second locality extends along the eastern half of
the barrier from El-Qals Peninsula to Boghaz (II) (Fig. 11).
Most probably they developed due to the abundance of sedi-
ments on the shores of the eastern section of the barrier, either
from dredging material or deposition of sand moving eastwards
by the offshore current. However, such microforms need ﬁeld
investigation to reach a conclusion concerning its origin.
5.2.1.4. Micro-lagoons. Micro-lagoons developed along the
southern shores of the Bardawil barrier due to the formation
of separate micro-sand barriers at various localities parallel to
the shoreline of Bardawil Lake (Figs. 2a, 11, 12, and 13). In
one case, some submerged dunes parallel to the barrier in the ex-
treme eastern part of the lagoon lead to the development of ami-
cro-lagoon, called ‘‘Zaranik Lake (Fig. 2c and d)’’ according to
1935 topographic maps, scale 1:100,000. Length of these micro-
lagoons ranges from less than a hundred metres to a few hun-
dred metres, whereas width is less than a hundred metres.
5.2.2. The Lake Barriers
This second type of barriers comprises the small and micro-
sand barriers (bars, spits, hooks), which are formed in the la-
goon basin along its shores (Figs. 8–10). Their length rangesbetween 200 and 1.700 m, their width between 10 and 20 m,
and height between zero and a few metres above the sea level.
Small barriers are simple, whereas large ones are compound
and complex. The largest compound barriers are those extend-
ing parallel to the southern shores of the main basin. This
group is composed of several barriers, spits and hooks all
extending along the same line. They are connected from both
ends to the mainland as two spits (Fig. 9). Spits are detected
in several localities along the shores of the lake, especially
along the shores trending N–S of the main basin. There are
two general trends in the direction of the barriers: the domi-
nant E–W to ENE–WSW trend, and the N–S trend. The ﬁrst
trend is present along the southern shores of the lake, except
for the shores that extends in an N–S direction where barriers
take the same trend. All barriers take the trend of the neigh-
bouring shores reﬂecting the hydrodynamics within the lake.
In several localities, hooks are developed instead of the bar-
riers, the largest of which occur at three localities. The ﬁrst lies
at the tip of the southern shore when it changes its direction
from SW–NE to N–S, the second is at the southern tip of
El-Qals Peninsula, and the third is at the southern shores of
the eastern main basin. The ﬁrst place contains the largest
hook composite in the lake and is locally called ‘‘Mascat
Iblis/Mat Iblis’’ (Fig. 14). It is composed of 12 hooks, the
largest of which is about 1.7 km. These hooks, bending south-
wards, indicate that the lake water moves anti-clock wise, com-
ing from the Western Basin in a general SW–NE direction
parallel to the southern shores of the lake, and forming some
small spits along these shores. The water current changes its
direction towards the south as the shores of the lake change
their trend to the south. At the point of change, sand spits de-
velop eastwards, but under the effect of the NW wind, the off-
shore current changes its direction southwards transforming
A semi-automated approach for mapping geomorphology of El Bardawil Lake 55sand spits to sand hooks (Fig. 14). As it continues moving
southwards, the offshore current forms new spits pointing in
the same direction of the current.
After a distance of about 15 km, the N–S shore changes
its trend towards the east and the direction of the offshore
current becomes eastwards. Along this section of the shores
of the eastern basin of the lake to the east of El-Telool
Jetty, the longest compound barrier developed parallel the
shoreline (Figs. 2g, and 9). In fact, this compound barrier
composed of several barriers, which in turn enclose several
small inlets that developed in the interdune low-lying areas,
transforming them into small local lagoons. The third local-
ity where micro-hooks developed lies at the southern shores
of the Bardawil barrier from El-Qals Peninsula to the local-
ity of Boghaz (II), where some wash-over fans are formed
(Fig. 13).
5.3. The tidal forms
Tidal forms are recognized in the extreme eastern corner of the
Bardawil basin. These forms are: tidal ﬂats, tidal channels, ti-
dal deltas, and tidal inlets (Fig. 10). Most probably, the fans
are the source of sediments for the development of hooks.
5.3.1. Tidal ﬂats
Tidal ﬂats cover a wide area in this region to the south of the
Bardawil barrier, but they are separated by a wide tidal chan-
nel (Fig. 13). As indicted on the topographic maps of scale
1:50,000 (Mazar Sheet, No. NH 36.O 1b, Military Survey of
Egypt, 1986) these tidal ﬂats rise only one metre above the
sea level. On the surface of the tidal ﬂats, crests of submerged
dunes are higher (2–18 m). In fact, these tidal ﬂats are trans-
formed into sabkhas after the withdrawal of water (or the
ebb) owing to high rates of evaporation especially during the
summer.BARDAWIL LAKE
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Figure 14 The complex hook of Mascat Iblis/Mat Iblis in the E5.3.2. Tidal channels
Tidal channels are developed during the withdrawal of water
from the lagoon. During this process, water is concentrated
along certain paths, which deepened over time to form deﬁnite
channels of different sizes. Small channels join one another or
larger ones, and ﬁnally they join the highest order channels,
which end at the two natural inlets present in the eastern part
of Bardawil (Fig. 10).
5.3.3. Tidal inlets (Natural openings)
As mentioned earlier (Section 5.2.1), there are two natural
openings in the eastern corner of Bardawil barrier. In the
meantime, other four natural inlets (Boghaz El-Zaranik, Bog-
haz Geran, Boghaz El-Huseini, and Boghaz Asy), appear on
the topographic maps, scale 1:100,000 (Survey of Egypt,
1935). This indicates that tide is an active agent in the develop-
ment and disappearance of openings along this eastern extreme
section of the Bardawil barrier (Fig. 10). During high tide,
waves may be able to rip the barrier at a certain point(s) of
weakness (mainly at very narrow and low-lying sites) along
the barrier and form natural inlets, especially if it is associated
with gale. However, weak tide may gradually silt up an open-
ing and close it as the tide currents become weak and redistrib-
ute the ﬁne materials along the shoreline. Therefore, it can be
concluded that most of these inlets are temporary in nature
mostly owing to tidal mechanism.5.4. The submerged forms
These forms developed due to the rise of sea level in the last
few thousand years during the Flandrian sea rise. Pre-topogra-
phy determined types and shapes of drowned forms, of which,
sand dunes, coastal inlets, and inner lagoons are the most
signiﬁcant.Masqat Iblis
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astern Basin of Bardawil Lake. (Source: Google Earth, 2012).
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It is already established that North Sinai Sand Sea developed
since about 18–20 ka bp (Pye and Tsoar, 1990; Sarnthein,
1978) that is in accordance with the last glacial maximum
(LGM). At that period, sea level went down about 120 m be-
low the present-day sea level (Rohling and De Rijk, 1999).
Hence ﬁxed and active dunes are common in North Sinai
(Fig. 2f). According to topographic maps (scale 1:5000) and
the satellite images, many of the islands have a crescentic out-
line indicating that they are most probably drowned dunes
(Fig. 15). These dune islands were relatively high dunes where
the lower section is covered by water and the upper parts
formed the islands. On the other hand, low dunes were sub-
merged completely below the water level of the Bardawil. It
can be concluded from the presence of some submerged dunes
near the Bardawil barrier, that sand dunes were covering the
whole surface area of the present-day Bardawil Lagoon. This
conclusion is conformable with the ﬁndings of Levy (1974) that
aeolian sand is one of the sources of sediments laid down on
the ﬂoor of Bardawil.
5.4.2. Coastal inlets (drowned inter-dune corridors)
Coastal inlets were developed at the low-lying inter-dune (lin-
ear dunes) areas. These inlets were formed only along the wes-
tern coasts of the main basin of Bardawil Lake from Mascat
Iblis in the north to Masfaq in the south. This section of the
coasts takes a nearly N–S trend, whereas the orientation of lin-
ear dunes is W–E. This is why seawater intruded into inter-
dune areas transforming them into coastal inlets similar to
drowned wadis along the Red Sea coasts, where they are called
‘Sharm’. High linear dunes protrude into the lake as head-
lands. This is why coastal inlets developed only along this
N–S section of coasts of the lake, and this is the reason that
the coastline takes a zigzag-like pattern.
5.4.3. Inner lagoons
The rise of sea level resulted in the submergence of nearby low-
lying basins, forming very small local lagoons. Of these local
lagoons, ‘‘El-Rewaq’’ and ‘‘Mallahat El-Merqab’’ are the larg-
est. They extend a few kilometres in the E–W and N–S direc-
tions. Both lagoons are lying to the south of the lake arm (the
Western Basin) and are connected to the main water body
through a narrow waterway, which is called locally ‘‘El-Mis-
qa’’ (means a feeding channel). As mentioned earlier, other
small local lagoons were developed along the southern shores
of the eastern basin due to the closure of coastal inlets by small
sand barriers. Some of these inner lagoons were used for salt
extraction.6. Discussion and conclusion
The semi-automated approach presented in this study uses the
advantages of digital image processing techniques to extract
the major geomorphological features along the Bardawil Lake
in North Sinai. The digital geomorphological map shown in
Fig. 16 contains two major geomorphological units: the Barda-
wil Lake and the North Sinai Sand Sea. The body of the lake
was separated based on the average reﬂectance of the adjacent
land cover type. The Bardawil Lake, as a geomorphological
unit, encloses some distinctive features (e.g. local lagoons,islands, sand bars/barriers, hooks, tidal forms, and submerged
forms). The North Sinai Sand Sea includes inland lagoons, in-
land sabkhas and the linear sand dunes. Vegetation, cultural
manifestations, spot heights and bathymetry lines were also
shown on the map. The map was produced on a medium scale
of 1:250,000 to meet publishing requirements. However, it can
be reproduced up to scale 1:100,000. Accuracy of the map was
assessed using point-by-point method for showing similarities
(comparisons) and differences (contrasts) between the outputs
and the topographic maps of scale 1:25,000, GPS in situ data
and Spot images obtained from Google Earth, 2012. The com-
pare and contrast process was primarily based on visual image
interpretation. The geomorphological map was overlaid on the
available ancillary data in ArcGIS 10.x and some two hundred
points of different landforms were carefully inspected with the
aid of topographic maps, GPS data and Google Earth. The
overall accuracy was very high, 84% of the total inspected
points. Most of the differences were exhibited along the mar-
gins of the features that are apparently mixed pixels as seen
in the Landsat ETM+ images. Such margins are usually cor-
responding to one or two pixels, which mean that the spatial
accuracy ranges between ±15 and ± 30 m along the feature
boundaries.
However, bathymetry of the lake was derived by processing
the reﬂectance of the shallow lake-ﬂoor based on Eqs. (7–9).
Unfortunately, the accuracy assessment was generally poor
(27%) showing that the derived bathymetry greatly differs
and reveals less correlation with the global bathymetry data.
The authors believe that the major source of distortion results
from the fact that the method assumes that water conditions
are relatively clear and with only minor variations in the con-
centrations of water column materials, which is incongruent
with the Bardawil Lake. The margins of the lake as well as
the inner-shallow depths revealed high odd bathymetry values
owing to the presence of aquatic weeds. Water turbidity and
weather conditions may have contributed as well to poor cor-
relation in the derived bathymetry. Therefore, we used a con-
ditional statement to resign the derived odd values to the
global bathymetry data to estimate the general bathymetry
of the Lake (Fig. 7). For the future use, to improve the results
we recommend using more reliable reference bathymetry data
with the integration of other model(s) to estimate the water
depth.
Finally, the study revealed that the Bardawil Lake is unique
among the Mediterranean coastal lagoons in that it is fed only
by seawater. This is why its water level and some other charac-
teristics depend on its relationship with the Mediterranean Sea.
Is Bardawil a lake or a sabkha? A question that needs a sci-
entiﬁc answer, since available maps and scientiﬁc papers some-
times refer to Bardawil as a lake, and sometimes as a sabkha (a
coastal salt-crusted depression saturated with hypersaline
water). It can be said from that both statements are correct.
Bardawil was a lake during certain periods of its history, such
as the Roman Period during which its name was ‘‘Sirbonis
lake’’ (Hamdan, 1980) and at present as well since the opening
of Boghaz (I) and Boghaz (II) in 1953. These two inlets allowed
permanent water ﬂow from the Mediterranean to the basins of
the lake. Most probably, sea level during the Roman Period
was high enough to allow permanent water ﬂow from the Med-
iterranean to the lake Basin. During other periods, Bardawil
was a sabkha and was called ‘‘Bardawil Sabkha’’ as its surface
was not permanently covered by water. Since the
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Figure 15 Drowned barchans in Bardawil Lake. (Source: Google Earth, 2012).
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lake depended on sea level changes, and duration and strength
of storms overriding the lake Barrier pushing water into the
lake Basin. Before the opening of Boghaz (I) and Boghaz
(II), a few narrow and shallow inlets in the extreme eastern
part of the Bardawil barrier, such as El-Zaranik Inlet, could
not provide enough water year round to develop a lake, and
sabkhas developed instead. This is why on maps it was written
‘‘Bardawil Sabkha/Lake’’. Nowadays, the extreme eastern sec-
tion of the lake is a tidal ﬂat and which is a sabkha throughout
most of the year. Fig. 4 shows that sabkha deposits represent
the top layer on the ﬂoor of the lake Basin with a thickness
reaching more than 10 m in its central section. This indicates
that sabkhas dominated the surface of the Bardawil basin be-
fore the permanent submergence since the opening of Boghaz
(I) and Boghaz (II) in the year 1953.
In fact, Bardawil is not a simple lagoon, but it is a
complex of interconnected lagoons of varying sizes and
origins. Local basins can be classiﬁed into three groups: tec-
tonic, coastal and interdune low-lying lands. This characteris-
tic is mostly due to the effect of tectonics on the development
of several independent basins, which were connected to one
another when Mediterranean water entered the main basins
during the Flandrian sea rise. This is conﬁrmed by three
facts: The ﬁrst is that most of the coasts of the two main ba-
sins of Bardawil are characterized by their relative straight-
ness, indicating the effect of tectonics on its development.
The second is that the original depth of the main basin
reaches more than 50 m below the sea level according to
the geologic cross section presented by Neev et al., 1987
(see Fig. 4 and Section 3.2), indicating a tectonic subsidence.
The third fact is that the major tectonic lineaments in the
region of the lake are parallel to the coasts of the Bardawil
basins (Fig. 1).Although there is no study dealing with the internal move-
ment of water, the micro-forms of Bardawil indicate the pres-
ence of such movement. Apart from forms developed due to
the submergence of pre-existing topography, the predominant
forms are depositional rather than erosional. These deposi-
tional forms all fall within coastal sand barriers, of which
hooks and spits are the most widespread. Small spits are devel-
oped on the southern shores of the Western Basin (Arm) of
Bardawil, pointing eastwards and indicating an eastern out-
ward water movement in this Western Arm. At the end of
the southern shores of this Arm of Bardawil, a complex of
hooks (2 km long) developed (Mascat Iblis/Mat Iblis).
Although pointing eastwards, hook bends are pointing south-
wards, indicating a southern water movement, this continues
parallel to the eastern shores of the main basin of Bardawil.
Along these shores, several spits and hooks developed pointing
southwards, conﬁrming the movement of water in the southern
direction. Lines of sand barriers, which run parallel to the
southern shores of the main basin of Bardawil indicate an east-
ward water movement. Therefore, it can be generally con-
cluded that there is an anticlockwise water movement along
the southern shores in this part of the lake (Fig. 6).
It is concluded from previous studies (Levy, 1974) that the
sediments in Bardawil Lake are derived from various sources,
of which the Nile sediments are the main contributor. These
sediments are brought to the coasts of Northern Sinai by the
easterly-directed offshore current from the Nile sediments dis-
charged in the Mediterranean at the mouths of the Nile
branches and drainage canals and outlets of coastal lagoons.
Aeolian sand is another source of sediments for Bardawil
Lake. Although the presence of drowned dunes in the lake
indicates that its ﬂoor is fully or partially covered by aeolian
sands (Fig. 5), winds from different directions drift sand from
the surrounding dunes to the lake body at present.
Figure 16 Geomorphological map of El Bardawil Lake, North Sinai-Egypt.
58 N.S. Embabi, M.B. MoawadGeological studies on Bardawil Lake (Neev et al., 1987;
Abdel Aal et al., 2000; Netzeband, 2006; Gardosh and
Druckmann, 2006) show that Bardawil Lake is unique in its
origin. Thickness of sediments in the lake basin, depth of the
original basin, and local tectonic lineaments indicate that the
Bardwil Basins are of a tectonic origin (Figs. 1 and 4). It can
be seen from Fig. 1 that major tectonic lineaments occur
around Bardawil, and they are parallel to the trend of the
coastline. Pelusium line has a trend similar to that of the
NW coastline. Moreover, the SE coastline trend is the same
as that of Misfaq–Bardawil oblique-slip fault trend (Abdel
Aal et al., 2000). It is now well-known that the Pelusium line
is a compression zone dividing the thin Mediterranean crust
on the east from the oceanic–type crust on the west. Although
the original depth is still unknown, Fig. 4 shows that the
original depth of the lake basin was several times greater
compared to the present day. Geological observations and
data extracted from shallow drilling (Neev et al., 1987) showed
that the sediment column is composed of three layers of
Flandrian Beach Rock, beach sand and shells and lagoon/sab-
khas deposits for more than 30 m thick. Tectonic subsidence
occurred during the 3500–2500 BC, as indicated by rapid
accumulation of high-energy beach sand (+2 m thick), which
contains abundant shell lenses (Neev et al., 1987).
Furthermore, it was deduced from the dominance of aqua-
tic-lagoon environments that prevailed throughout the rele-
vant stratigraphic sequence that gradual tectonic uplift
occurred at Mount Casuis during the transition from Pleisto-
cene until middle Holocene. Folding and uplifting of the
Mount Casius Peninsula during late Holocene is suggested
by the structural conﬁguration of the hamra-like sediments
(CBL in Fig. 4) deposited above the early Holocene aquatic
layer (Neev et al., 1987). Other evidence indicated that tecto-
nism continued to Persian times since the sixth century BC
(Neev et al., 1987). All this evidence point out to a signiﬁcant
conclusion: neo-tectonics played a major role in the develop-
ment of the lake basin.Acknowledgements
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